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Background: Dynamic contrast-enhanced MRI (DCE-MRI) estimates vascular permeability of brain tumors, and
susceptibility-weighted imaging (SWI) may demonstrate tumor vascularity by intratumoral susceptibility signals
(ITSS). This study assessed volume transfer constant (Ktrans) accuracy, the volume of extravascular extracellular space
(EES) per unit volume of tissue (Ve) derived from DCE-MRI, and the degree of ITSS in glioma grading.
Methods: Thirty-two patients with different glioma grades were enrolled in this retrospective study. Patients
underwent DCE-MRI and non-contrast enhanced SWI by three-tesla scanning. Ktrans values, Ve, and the degree of
ITSS in glioma were compared. Receiver operating characteristic (ROC) curve analysis determined diagnostic
performances of Ktrans and Ve in glioma grading, and Spearman’s correlation analysis determined the associations
between Ktrans, Ve, ITSS, and tumor grade.
Results: Ktrans and Ve values were significantly different between low grade gliomas (LGGs) and both high grade
gliomas (HGGs) and grade II, III and IV gliomas (P < 0.01). The degree of ITSS of LGGs was lower than HGGs (P < 0.01),
and the ITSS of grade II gliomas was lower than grade III or IV gliomas. Ktrans and Ve were correlated with glioma grade
(P < 0.01), while ITSS was moderately correlated (P < 0.01). Ktrans values were moderately correlated with ITSS in the
same segments (P < 0.01).
Conclusion: Ktrans and Ve values, and ITSS helped distinguish the differences between LGGs and HGGs and
between grade II, III and IV gliomas. There was a moderate correlation between Ktrans and ITSS in the same tumor
segments.
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Intratumoral susceptibility signalBackground
The angiogenesis of intracranial gliomas plays an import-
ant role in evaluating the biological activity and malig-
nancy of a tumor. Tumor vascularity is mostly immature
neovascularity consisting of endothelial cells and basement
membranes with incomplete structures, resulting in an* Correspondence: wgzhang01@163.com
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unless otherwise stated.increase in microvascular permeability. The degree of this
increase is associated with tumor type and the degree of
malignancy. Moreover, angiogenesis are prone to bleeding,
and advanced tumors are inclined to have more angiogen-
esis and the increased formation of micro-hemorrhage
[1-3]. Currently, DCE-MRI may provide information
about neovascularity and angiogenesis in gliomas mainly
through two important quantitative parameters, Ktrans
and Ve [4,5]. K
trans is the volume transfer constant in
unit time for the transfer of contrast medium from the
vessel into the EES, which reflects the intratumoral
microvascular permeability. Ve is the volume fractionis an Open Access article distributed under the terms of the Creative Commons
rg/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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tremely sensitive to the vascular structures and blood
metabolites. Researchers have found that parameters
associated with DCE-MRI and the degree and distribu-
tion of ITSS are significantly correlated with the grades
of gliomas [6-10]. These two methods can reveal the
pathophysiological state of glioma microvessels from
different angles. Therefore, in the present study, it was
inferred that a large number of angiogenesis with im-
perfect functions may reside within the ITSS regions
and that ITSS grades may excellently correspond with
the maximal Ktrans value, so these two parameters were
both applied to diagnose glioma grades. In the present
study, these two methods were applied to assess gliomas,
to evaluate the accuracy and value of the associated pa-
rameters in diagnosing the grades of gliomas, and to
analyze the correlation between the Ktrans value and ITSS
in the same tumor section as well as the relations between
these two parameters and microvessel density(MVD) and
vessel diameter(VD).
Methods
Patient selection and histopathological diagnosis
This retrospective study was approved by the institu-
tional review board of our hospital group. All patients
were scanned for preoperative assessment, and informed
consent was obtained from each patient. MR examina-
tions of 32 patients (17 female and 15 male, aged 12-69
years old, mean age 42.6 ± 14.3 years old), including 15
patients with LGGs (7 astrocytomas, 6 oligodendrogli-
omas, and 2 oligoastrocytomas) and 17 patients with
HGGs (3 anaplastic astrocytomas, 3 anaplastic oligo-
dendrogliomas, 2 anaplastic oligoastrocytomas, and 9
glioblastomas), were reviewed. All patients underwent
conventional MRI, DCE-MRI, and SWI before surgical
resection. The pathologic specimens were classified
using the 2007 World Health Organization classification
criteria for glioma after craniotomy and tumor total re-
section [11].
Imaging protocol
All MR imaging was performed using a 3.0 T MR system
(Magnetom Verio, Siemens Medical Solutions, Erlangen,
Germany) with an 8-element head matrix coil. The con-
ventional MRI included axial and sagittal T1-weighted,
T2-weighted, and axial fluid-attenuated inversion recov-
ery (FLAIR) sequences.
DCE-MRI was performed using the sequences described
below. First, a baseline T1-weighted MRI (TR/TE = 5.08/
1.74 ms, FOV= 260 mm× 260 mm, matrix = 138 × 192,
slice-thickness = 5 mm, and flip-angles of 2° and 15°) was
used to create two precontrast datasets. Then, a DCE
perfusion imaging dynamic series was performed using
a T1-twist sequence with a flip angle of 12° (TR/TE =4.82/1.88 ms, FOV = 260 mm × 260 mm, matrix =
138 × 192, slice thickness = 3.6 mm), which was com-
prised of 70 measurements with a temporal spacing of
approximately 8 s. At the beginning of the baseline acqui-
sition, a bolus of 0.1 mmol/kg gadolinium (Gd)-DTPA
contrast agent (Omniscan, GE Healthcare, Shanghai,
China) was injected intravenously at a rate of 4 ml/s.
SWI was performed using a 3D fully flow-compensated
gradient-echo sequence, and the detailed parameters were
as follows: TR/TE = 28.0/20.0 ms, flip angle = 15°, FOV =
230 mm× 230 mm, FOV phase = 75%, SNR = 1.00, slice
thickness = 1.2 mm, total acquisition time = 5 min and 5 s,
voxel size = 0.8 × 0.7 × 1.2 mm.
Image analysis
Quantitative analysis of DCE images
Ktrans and Ve values were estimated using Tissue-4D
software in a Siemens Syngo MR workplace, which was
based on the two-compartment pharmacokinetic model
by Tofts and Kermode [12]. Ktrans and Ve measurements
were acquired by simultaneous observation of axial post-
contrast T1-weighted MRI and corresponding Ktrans and
Ve maps. The ROI (region of interest) was selected from
the axial post-contrast T1-weighted images and then
automatically transformed into the corresponding para-
metric maps. For each tumor, 3-5 ROIs of 40-60 mm2
were manually positioned on the corresponding slices of
Ktrans and Ve maps by an experienced radiologist. Selec-
tions of ROIs within the tumor zone were continued un-
less a maximal Ktrans value inside an ROI was acquired.
To avoid necrotic, cystic, and hemorrhagic regions, ROI
selection was based on enhanced T1-weighted images.
Semi-quantitative analysis of SWI images
The degree of ITSS within tumors included 4 grades ac-
cording to the methods described in a previous review
by Park et al. [10], No ITSS represented grade 0, 1-5 dot-
like or fine linear ITSS represented grade I, 6-10 dot-like
or fine linear ITSS represented grade II, and ≥ 11 dot-like
or fine linear ITSS in the continuous region represented
grade III. To observe the corresponding relations between
maximal Ktrans value areas and areas with the most
densely prominent ITSS, Ktrans and SWI images were co-
registered using Image Pro Plus 6.0 (Media Cybernetics,
Inc. USA).
Measurements of mean MVD and VD values
The MVD and VD of the surgical specimens immuno-
histochemically stained with anti-CD34 were evaluated.
The measurements of the mean MVD and VD values
were attained using a computer-assisted image analysis
system (Leica, Olympus, Italy). The counting method
described by Weidner et al. [13] was adopted for the
evaluation of MVD. Then, at least 5 transversally
Table 2 P values from Ktrans, Ve, MVD, VD and ITSS grade
for differentiation between different grades
Grade Ktrans Ve MVD VD ITSS grade
II vs III 0.003 0.000 0.000 0.000 0.002
II vs IV 0.000 0.000 0.000 0.000 0.032
III vs IV 0.114 0.618 0.172 0.004 0.897
LGG vs HGG 0.000 0.000 0.000 0.000 0.001
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lial cells were chosen for each hotspot with or without
the thin basement membrane. The mean VD was calcu-
lated from the minimum to the maximum diameter of
those given vessel sections.
Statistical analysis
Statistical analysis was performed using SPSS software
(version 18.0, SPSS Inc., Chicago, IL, USA). All data
were expressed as the mean ± standard deviation (SD).
Analysis of variance (ANOVA) was used to compare the
values of Ktrans, Ve, MVD, and VD. The Kruskal-Wallis
test was executed to compare ITSS degrees among dif-
ferent grades of gliomas. The ROC curve analysis was
conducted to decide the cut-off value with the diagnostic
performance of Ktrans and Ve for glioma grading. Rela-
tionships between those parameters such as Ktrans, Ve,
degree of ITSS, tumor grade, MVD, and VD were re-
spectively analyzed using Spearman’s correlation. For all
statistical tests, P < 0.05 was considered statistically
significant.
Results
The effectiveness of Ktrans and Ve values in glioma
grading
The mean Ktrans and Ve values of LGGs and HGGs are
shown in Table 1. It can be seen that the Ktrans and Ve
values were significantly higher in HGGs than those in
LGGs (P < 0.01). The mean Ktrans and Ve values of grade II
gliomas were significantly lower than those of grade III or
IV gliomas (P < 0.01). However, no significant differences
in Ktrans and Ve values between grade IV and grade III gli-
omas were found (Table 2). Both Ktrans and Ve values were
strongly correlated with glioma grade (r = 0.782 and 0.717,
respectively, P < 0.01).
The ROC curve analyses of Ktrans and Ve values be-
tween different grades of gliomas are shown in Table 3.
The cut-off value of Ktrans (0.054 min−1) for differenti-
ation between LGGs and HGGs provided the best com-
bination of sensitivity (94.1%) and specificity (93.3%),
and the area under the curve (AUC) of Ktrans was 0.941.
The cut-off value of Ve (0.296) provided the best com-
bination of sensitivity (92.9%) and specificity (91.7%),
and the AUC of Ve was 0.937. Additionally, the differentTable 1 The mean Ktrans,Ve values,MVD,VD values and ITSS gr
Tumor grade Ktrans min−1 Ve
LGG(grade II) 0.026 ± 0.019 0.121 ± 0.130
grade III 0.096 ± 0.063 0.483 ± 0.225
grade IV 0.135 ± 0.068 0.525 ± 0.180
HGG(grade III and IV) 0.117 ± 0.066 0.505 ± 0.197
NOTE—Ktrans min−1: volume transfer constant, Ve: volume of extravascular extracellu
vessel diameter.cut-off values of Ktrans and Ve for differentiation between
grade II and grade III or IV gliomas also indicated diag-
nostic accuracy.
The morphology and degree of ITSS among gliomas
ITSS were seen in 8 of 9 grade IV patients, in all 8 grade
III patients, and in 11 of 15 grade II patients. The Kruskal-
Wallis test results showed that the degree of ITSS of LGGs
was significantly lower than that of HGGs (P < 0.01)
(Table 1), and there were significant differences in ITSS
degrees between grade II and grade III or IV (P < 0.01 and
P < 0.05, respectively). However, no statistical difference
was found between grade III and grade IV gliomas
(Table 2). Spearman’s correlation analysis showed a mod-
erate correlation between the degree of ITSS and tumor
grade (r = 0.515, P < 0.01, Table 4). Either no or sporadic
dot-like ITSS were found in LGGs (Figure 1c) except for
the densely prominent ITSS in the 4 cases of oligodendro-
glioma (Figure 2c) and single case of oligoastrocytoma.
However, the agglomerated mixed nodular and fine linear
ITSS were seen frequently in HGGs with the exception of
one glioblastoma (Figures 3c and 4c).
The relationship between Ktrans, Ve, and the degree of
ITSS
Ktrans values were also strongly correlated with Ve values
(r = 0.823, P < 0.01) and moderately correlated with the
degree of ITSS (r = 0.473, p < 0.01) (Table 4). In LGGs,
either no or sporadic dot-like ITSS were observed in the
SWI images of the 7 cases of astrocytomas, while signs
of intratumoral hypoperfusion were observed in the
Ktrans maps. Therefore, these two findings were consist-
ent with each other (Figure 1b-c). Of the 6 cases of
oligodendrogliomas, 4 had densely prominent ITSS in
their SWI images (1 case of grade 2 and 3 cases of gradeade of different grades of gliomas
MVD VD(μm) ITSS grade
14.75 ± 4.94 5.10 ± 1.08 1.2
26.84 ± 9.17 7.93 ± 1.34 2.8
22.79 ± 3.51 9.83 ± 1.43 2.4
24.70 ± 6.87 8.93 ± 1.66 2.6
lar space (EES) per unit volume of tissue, MVD: microvessel density, VD:
Table 3 ROC curve analyses of Ktrans and Ve values for
differentiation between the different grades
Threshold Sensitivity Specificity AUC mm2.s−1
Ktrans min−1
LGG vs HGG 0.054 94.1% 93.3% 0.941 × 103
II vs III 0.045 87.5% 86.7% 0.883 × 103
II vs IV 0.064 100% 93.3% 0.993 × 103
Ve
LGG vs HGG 0.296 92.9% 91.7% 0.937 × 103
II vs III 0.296 87.5% 93.3% 0.925 × 103
II vs IV 0.345 88.9% 93.3% 0.948 × 103
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maps were not too high (the mean Ktrans value of the 6
cases was 0.043). Thus, in the co-registered image, areas
of densely prominent ITSS did not completely corres-
pond to the areas of maximal Ktrans values (Figure 2d).
Moreover, a phenomenon of non-correspondence be-
tween the areas of most densely prominent ITSS and the
areas of maximal Ktrans values was found in 1 out of 2
cases of oligoastrocytomas.
In HGGs, the different quantities and morphologies of
ITSS were situated at the center or the inner portion of
the enhancing rim. In DCE-MRI, the highest value of
Ktrans was located at the areas near the enhancing rim
on T1-weighted contrast enhanced images. Co-
registered image of Ktrans and SWI confirmed that the
nodular or fine linear ITSS areas partly corresponded to
the regions of the highest value of Ktrans in the same
tumor segment (Figure 3d). Remarkably, there was one
glioblastoma on SWI without any signs of ITSS which
exhibited significantly high vascular permeability (high
Ktrans values) on DCE-MRI (Figure 4b-c).
The correlation between MVD/VD and Ktrans/Ve/ITSS
Endoscopic observations indicated that in low grade as-
trocytomas, their microvascularity was sparse, low in
MVD, and small in VD, and their vascular structuresTable 4 Correlations between Ktrans values, Ve values,
MVD values, VD values, the degree of ITSS and grades by
Spearman’s Rho, respectively
Ktrans Ve Grade MVD VD
Ktrans Correlation Coefficient 1.000 .823** .782** .474** .692**
Sig. (2-tailed) . .000 .000 .006 .000
Ve Correlation Coefficient .823** 1.000 .717** .379* .586**
Sig. (2-tailed) .000 . .000 .032 .000
ITSS Correlation Coefficient .473** - .515** .562 .621
Sig. (2-tailed) .006 - .003 . 002 .000
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).were mostly complete (Figure 1e). In oligodendrogliomas
or oligoastrocytomas, more angiogenesis with branch-
like vessels and a higher MVD were observed, but their
VD values were also small. In HGGs, significantly
increased in MVD, vessels with irregular and disorderly
structures, and enlarged VD were observed (Figure 3e).
The mean MVD (14.75) and VD (5.10 μm) of LGGs
were significantly lower than those of HGGs (MVD =
24.70, VD = 8.93 μm), and there were significant differ-
ences in both the MVD and VD values between grade II
and grade III or IV gliomas (P < 0.01). No statistical dif-
ferences in MVD values were found between grade IV
and grade III gliomas. However, there were significant
differences in VD values between grade IV and grade III
gliomas (Tables 1 and 2).
Ktrans values were moderately correlated with MVD
values (r = 0.474, P < 0.01) but strongly correlated with VD
values (r = 0.692, P < 0.01). Ve values were weakly corre-
lated with MVD values (r = 0.379, P < 0.05) and moder-
ately correlated with VD values (r = 0.586, P < 0.01).
Conversely, ITSS grades were moderately correlated with
MVD values (r = 0.562, P < 0.01) and strongly correlated
with VD values (r = 0.621, P < 0.01) (Table 4).
Discussion
In gliomas, particularly malignant ones, neovascularity
was significantly increased with extremely irregular
morphologies and composed of endothelial cells and a
basement membrane with incomplete structures. In this
neovascularity, vascular resistance significantly increased
and intravascular pressure rose, which usually resulted
in an increase in vascular permeability and the high likeli-
hood of ruptures and bleeding. To some extent, DCE-MRI
and/or SWI reflected that the above pathophysiological
changes in tumor neovascularity were somehow associated
with glioma malignancy [4,5,8-10]. In low grade gliomas
(LGGs), especially astrocytomas, there were no or spor-
adic dot-like ITSS within tumors, which displayed low
Ktrans values. Thus, there was consistency between ITSS
and Ktrans values, indicating the unchanged permeability
and low density in tumor neovascularity, while the vascu-
lar characteristics of oligodendrogliomas and oligoastrocy-
tomas were quite different from those of astrocytomas
since their grades of ITSS were higher and Ktrans values
were relatively lower. Additionally, a phenomenon of non-
correspondence between the ITSS tufts and the areas of
maximal Ktrans values often occurred in oligodendrogli-
omas and oligoastrocytomas. This phenomenon indicated
that vascular structures in the significantly increased
tumor neovascularity were nearly complete. Thus, the vas-
cular permeability was not significantly changed, whereas
in HGGs, conglomerated dot-like and fine linear ITSS
were frequently observed with significantly increased
Ktrans values. Notably, areas of the highest value of Ktrans
Figure 1 Images(a-c) of a 37-year-old woman with right frontal low-grade astrocytoma. (a) Axial T2-weighted image shows an ill-defined
mass with high signal intensity. (b) Ktrans map shows low Ktrans values within the tumor, which is similar to the normal brain tissue. (c) SWI
demonstrates no evidence of the ITSS. (d) Representative immunohistochemical staining(CD34, Original magnification,×200) shows that microvascular
hyperplasia is not obvious, which along with low MVD and small VD.
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with the densest ITSS. Considering these radiographic
inconsistencies between DCE-MRI and SWI in HGGs,
the main reason was hypothesized to be that the detection
of ITSS in HGGs not only reflected tumor vascularity
distribution but also indicated considerable susceptibility
associated with micro-hemorrhage and necrosis within
tumors, while the areas of the highest value of Ktrans
represented vascularization with a high proportion of
immature, hyperpermeable microvessels.
In this study, Ktrans values of HGGs were significantly
higher than those of LGGs, which meant that HGGs had
higher microvascular permeability. So, contrast agents
were transferred from plasma to the EES more easily,
and plenty of malignant, immature, and hyperpermeable
microvessels existed in HGGs. The ROC curve analysis
results showed that the cut-off values of Ktrans provided
good diagnostic efficacy (their diagnostic sensitivity and
specificity were either near or above 90%) for distin-
guishing between LGGs and HGGs and between grade
II and grade IV, which was consistent with the previous
report [14]. Therefore, grading gliomas via the assess-
ment of tumor vascular permeability is highly feasible.
Spearman’s correlation analysis showed that the Ktrans
value was strongly correlated with tumor grade (r = 0.782,P < 0.01), so Ktrans could be a better biomarker to assess
the grading of gliomas. However, there was no statistical
difference in Ktrans between grade III and grade IV. This
result was concordant with some reports [8]. This might
be attributed to their similar pathological microvascular
patterns and because there was abundant microvascular
hyperplasia within those two malignant progressive gli-
omas [15]. The pathological data showed that the mean
values of both MVD and VD of LGGs were significantly
lower than those of HGGs. This was largely because
HGGs were prone to stimulating the secretion of VEGF,
which might be the vascular morphogen that formed the
abnormally large vessels [16,17]. One of the most import-
ant factors affecting the Ktrans value was blood flow. The
increase of MVD and VD values caused the increased
leakage of the contrast agent in unit time, which occurred
more frequently in HGGs. Spearman’s correlation analysis
showed Ktrans values were moderately correlated with
MVD values (r = 0.474, P < 0.01) and strongly correlated
with VD values (r = 0.692, P < 0.01), indicating that Ktrans
values were more vulnerable to the impacts of VD sizes.
Ve is defined as the volume fraction of contrast agent
transfer from the vessel into the EES, and many findings
on the relationship between Ve and glioma grade have
been mentioned. The present results, being concordant
Figure 2 Images(a-d) of a 26-year-old man with right frontal low-grade Oligodendroglioma. (a) Contrast-enhanced T1-weighted image
shows fair enhancement of the tumor. (b) Ktrans map shows mild increased Ktrans values within the tumor, relative to the normal brain tissue.
(c) Multiple dotlike ITSS are shown in the SWI. (d) Coregistered image of Ktrans and SWI shows that regions of the highest value of Ktrans does
not correspond with areas of attenuated prominent ITSS(arrows) in the same segment. (e) Representative immunohistochemical staining
(CD34, Original magnification,×200) shows rather abundant mirovessels with small VD.
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value in LGGs was significantly lower than that in
HGGs, indicating that the leakage volume of contrast
agent into EES was greater in HGGs than in LGGs. The
ROC curve analysis showed that the cut-off value of Ve
(0.296) also provided high sensitivity (92.9%) and specifi-
city (91.7%), which helped differentiate LGGs from
HGGs. The cut-off value of Ve (0.345) also provided the
best combination of sensitivity (88.9%) and specificity
(93.3%), which helped differentiate grade II from grade
IV gliomas. Both AUC were greater than 80%. Spearman’s
correlation analysis showed that Ve values were strongly
correlated with Ktrans values (r = 0.823, P < 0.01). More-
over, Ve could be expressed mathematically as the ratio of
the contrast agent quantity that leaked into the EES to the
contrast agent quantity that returned to the plasma space
[19], indicating a close relationship between Ktrans and Ve
values. Ve values were weakly correlated with MVD values
(r = 0.379, P < 0.05) but moderately correlated with VD
values (r = 0.586, P < 0.01). This suggested that VD values
within gliomas played an important role in the influence
of Ve values. Thus, the present study also demonstrated
that Ve could be a biological marker for glioma grading.
EES was easily influenced by some factors such as celldensity, necrosis, cystic lesions, and extracellular stroma.
A previous study showed that necrotic or cystic regions
increased the volume of EES [7], while the area with
higher cellularity decreased it. M. Aref et al. [20] demon-
strated that extracellular spaces and Ve measured by both
DCE-MRI and microscopic analysis were statistically simi-
lar. Therefore, if the volume of the EES was changed, it re-
sulted in a corresponding change in Ve. With the rapid
growth and metabolism requirements of HGGs, the tu-
mors more easily produced regional cellular hypoxia
and necrosis or cystic degeneration, which conse-
quently increased EES volume. An animal experiment
also confirmed that both the progression of tumor
vascularization and the increase of the EES were closely
related with tumor growth [21]. The present results
showed that the Ve value was strongly correlated with
tumor grade (r = 0.717, P < 0.01), and there were signifi-
cant differences between LGGs and HGGs and between
grade II and grade IV gliomas. This phenomenon could be
explained by the larger volume of EES in HGGs due to
great physiological and metabolic changes.
Clinically, distinguishing grade II from grade III gliomas
is very important because the prognoses for patients with
grade II gliomas are significantly better than for patients
Figure 3 Images(a-d) of a 44-year-old woman with right temporal anaplastic oligodendrogliomas. (a) Contrast-enhanced T1-weighted
image shows a mass with irregular enhancement. (b) Ktrans map shows high Ktrans values in the tumor, including (c) a maximum degree of ITSS
in the SWI. (d) Co-registered image of Ktrans and SWI shows that regions of the highest value of Ktrans(arrows) does not correspond with areas of
attenuated prominent ITSS in the same segment. (e) Representative immunohistochemical staining(CD34, Original magnification,×200) shows
abundant angiogenesis in the tumor, with high MVD, bizarre vascular formation and large VD.
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both Ktrans and Ve values of grade II gliomas were signifi-
cantly lower than those of grade III gliomas (P < 0.01). The
cut-off values of Ktrans = 0.045 min−1 and Ve = 0.296 were
adopted for differentiation between grade II and grade III
gliomas, and high sensitivity and specificity (greater than
85%) were achieved. Therefore, these results providedFigure 4 Images of a 13-year-old boy with left frontal glioblastoma. (
regular peripheral rim enhancement. (b) The high Ktrans values within the t
reveals no evidence of ITSS (arrows).important clinical information for judging the develop-
ment or progression of grade II to grade III gliomas.
Several studies demonstrated SWI was a promising
noninvasive method for differentiating between LGGs
and HGGs according to the different frequencies and
appearances of ITSS [23-25]. ITSS could simultaneously
reflect the intratumoral venous structures and micro-a) The contrast-enhanced axial T1-weighted image shows a mass with
umor indicates a high permeability of microvessels. (c) However, SWI
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degrees of ITSS were observed in almost all HGGs (ex-
cept for one case of glioblastoma), suggesting that ITSS
can be a potentially helpful sign for the correct diagnosis
of HGGs. Also, there was a significant difference in ITSS
degree between LGGs and HGGs (P < 0.01) and between
grade II and grade III or IV gliomas (P < 0.01, P < 0.05,
respectively). This finding was similar to that described
by Park et al. [10]. Thus, the degree of ITSS could be
used for grading gliomas. However, the present study
also found that the degree of ITSS showed a moderate
correlation with glioma grade (r = 0.515, P < 0.01), which
was very different from previous studies. The main reason
was assumed to be that the grade II oligodendrogliomas
and oligoastrocytomas were also enrolled in this study,
while former studies only focused on the differences
between high grade and lower grade astrocytomas
[9,10]. Significantly increased angiogenesis and highly
dense vascularity or mild bleeding were observed in either
oligodendrogliomas or oligoastrocytomas, so their grades
of ITSS were generally rather high. The present study
showed that the degree of ITSS was highly correlated with
VD (r = 0.629) and moderately correlated with MVD,
indicating that, with the exception of angiogenesis and
micro-bleeds, the VD size may have hugely impacted
magnetic susceptibility to some extent.
At the early stage of gliomas, microvessels are similar
to normal brain capillaries. However, in the intermediate
stage, they become tortuous, disorganized, and dilated,
and in the advanced stage, they change into anarchic
and aberrant structures with topographies such as multi-
layered “glomeruloid tufts,” “garland vessels,” and huge
dilated vessels [26]. Remarkably, one glioblastoma
showed no evidence of ITSS on SWI, indicating that no
micro-hemorrhaging, necrosis, or calcification existed
within the tumor. However, this tumor prominently
showed high Ktrans values on DCE-MRI, indicating the
high permeability of microvasculature. It was unknown
why these microvasculatures were not detected by SWI,
though it was speculated that the fine microvasculature
within the tumors did not have a great enough suscepti-
bility effect, which was depicted using ITSS. Further
studies with larger populations are needed to test this
deduction.
Tumor enhancement is the relaxation enhancement
caused by pericerebral collections of contrast leakage
from the blood-brain barrier (BBB) due to BBB destruction
or disintegration. BBB destruction in gliomas may result
from the vascular damages caused by tumor formation or
the immature endothelium of the tumor neovascularity, as
these two factors can both contribute to the contrast leak-
age and further lead to the enhancement [27,28]. Ktrans
values mainly reflected the permeability of the neovascular-
ity. Therefore, intratumoral distributions of high Ktransvalue areas and contrast collection areas were significantly
different, with the former located medially to the tumor
enhancement areas and the latter residing inside the
tumor. ITSS also reflected the angiogenesis degrees. In low
grade astrocytomas, changes and distributions of ITSS
were consistent with Ktrans values. However, in oligo-
dendrogliomas, the degree of ITSS was dense while Ktrans
values were not too high, and the areas of densely promin-
ent ITSS did not completely correspond with the areas of
maximal Ktrans values. Therefore, when analyzing the
degrees of tumor enhancement and tumor vascular
characteristics to obtain a correct grading assessment,
special attention should be paid to the changes in intra-
tumoral vascular characteristics reflected by the various
MRI parameters.
This study had some limitations. First, the patient popu-
lation was small, especially for grade IV tumors, and it was
difficult to draw meaningful statistical conclusions from
these studies. Second, it was a challenge to assess the
voxel-to-voxel correlation between abnormal signals of
DCE-MRI and pathological specimens. Third, ITSS on
SWI were associated with tumor micro-hemorrhage and
necrosis, which could potentially degrade the gradient
echo images used for DCE-MRI so that the Ktrans mea-
surements might be unreliable in the areas of considerable
ITSS. Therefore, a larger sample size and more appropri-
ate method should be adopted in future studies to test
these results.
Conclusion
Ktrans and Ve values, and ITSS were capable of differentiat-
ing LGGs from HGGs as well as grade II from grade III or
IV gliomas. It was the first time that we found a moderate
correlation between Ktrans and ITSS in the same glioma
segments.
Competing interest
The authors declare that they have no competing interests.
Authors’ contributions
XGL performed the study and drafted the manuscript. YSZ and HYK
performed the statistical analyses and image post-processing. YLZ performed
the scanning sequence. HPL and SMW participated in the design of the
study and performed the analysis with constructive discussions. WGZ
conceived the study idea, participated in its design and coordination, and
helped draft the manuscript. All authors read and approved of the final
manuscript.
Acknowledgements
This work was supported by the National Natural Science Foundation of
China (No.81271626), the Natural Science Foundation Project of CSTC
(cstc2012jjB10028), and the Clinical Scientific Foundation of the Institute of
Surgery Research, Daping Hospital, Third Military Medical University
(2014YLC03).
Author details
1Department of Radiology, Institute of Surgery Research, Daping Hospital,
Third Military Medical University, Chongqing 400042, China. 2Department of
Radiology, Tianchang people’s hospital, Tianchang, Anhui 239300, China.
3State key laboratory of Trauma, Burns and Combined Injury, Institute of
Li et al. Cancer Imaging  (2015) 15:4 Page 9 of 9Surgery Research, Daping Hospital, Third Military Medical University, No. 10,
Changjiang Zhilu, Da Ping, Yuzhong Distriction, Chongqing 400042, China.
4Division of Neuroradiology, Department of Radiology, Hospital of the
University of Pennsylvania, Philadelphia PA19104, USA.
Received: 12 September 2014 Accepted: 25 February 2015
References
1. Tate MC, Aghi MK. Biology of angiogenesis and invasion in glioma.
Neurotherapeutics. 2009;6:447–57. doi:10.1016/j.nurt.2009.04.001.
2. Mahzouni P, Mohammadizadeh F, Mougouei K, Moghaddam NA, Chehrei A,
Mesbah A. Determining the relationship between “microvessel density”
and different grades of astrocytoma based on immunohistochemistry
for “factor VIII–related antigen” (von Willebrand factor) expression in
tumor microvessels. Indian J Pathol Microbiol. 2010;53:605–10.
doi:10.4103/0377-4929.71996.
3. Onishi M, Ichikawa T, Kurozumi K, Date I. Angiogenesis and invasion in
glioma. Brain Tumor Pathol. 2011;28:13–24. doi:10.1007/s10014-010-0007-z.
4. Jackson A, Jayson GC, Li KL, Zhu XP, Checkley DR, Tessier JJ, et al.
Reproducibility of quantitative dynamic contrast-enhanced MRI in newly
presenting astrocytoma. Br J Radiol. 2003;76:153–62.
5. Lacerda S, Law M. Magnetic resonance perfusion and permeability imaging
in brain tumors. Neuroimaging Clin North Am. 2009;19:527–57.
6. Jia Z, Geng D, Liu Y, Chen X, Zhang J. Low-grade and anaplastic
oligodendrogliomas: differences in tumour microvascular permeability
evaluated with dynamic contrast-enhanced magnetic resonance imaging.
J Clin Neurosci. 2013;20:1110–3. doi:10.1016/j.jocn.2012.09.019.
7. Jain R. Measurements of tumor vascular leakiness using DCE in
brain tumors: clinical applications. NMR Biomed. 2013;26:1042–9.
doi:10.1002/nbm.2994.
8. Jia Z, Geng D, Xie T, Zhang J, Liu Y. Quantitative analysis of neovascular
permeability in glioma by dynamic contrast-enhanced MR imaging. J Clin
Neurosci. 2012;19:820–3. doi:10.1016/j.jocn.2011.08.030.
9. Kim HS, Jahng GH, Ryu CW, Kim SY. Added value and diagnostic
performance of intratumoral susceptibility signals in the differential
diagnosis of solitary enhancing brain lesions: preliminary study. AJNR Am J
Neuroradiol. 2009;30:1574–9. doi:10.3174/ajnr.A1635.
10. Park MJ, Kim HS, Jahng GH, Ryu CW, Park SM, Kim SY. Semiquantitative
assessment of intratumoral susceptibility signals using non-contrast-
enhanced high-field high-resolution susceptibility-weighted imaging in
patients with gliomas: comparison with MR perfusion imaging. AJNR Am J
Neuroradiol. 2009;30:1402–8. doi:10.3174/ajnr.A1593.
11. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al.
The 2007 WHO classification of tumours of the central nervous system.
Acta Neuropathol. 2007;114:97–109.
12. Tofts PS, Kermode AG. Measurement of the blood-brain barrier permeability
and leakage space using dynamic MR imaging. 1.Fundamental concepts.
Magn Reson Med. 1991;17:357–67.
13. Weidner N. Intratumor microvessel density as a prognostic factor in cancer.
Am J Pathol. 1955;147:9–19.
14. Jia ZZ, Geng DY, Liu Y, Chen XR, Zhang J. Microvascular permeability of
brain astrocytoma with contrast-enhanced magnetic resonance imaging:
correlation analysis with histopathologic grade. Chin Med J (Engl).
2013;126:1953–6.
15. Zhou J, Li N, Yang G, Zhu Y. Vascular patterns of brain tumors. Int J Surg
Pathol. 2011;19:709–17. doi:10.1177/1066896911417710.
16. Nico B, Crivellato E, Guidolin D, Annese T, Longo V, Finato N, et al.
Intussusceptive microvascular growth in human glioma. Clin Exp Med.
2010;10:93–8. doi:10.1007/s10238-009-0076-7.
17. Nakatsu MN, Sainson RC, Pérez-del-Pulgar S, Aoto JN, Aitkenhead M, Taylor
KL, et al. VEGF(121) and VEGF(165) regulate blood vessel diameter through
vascular endothelial growth factor receptor 2 in an in vitro angiogenesis
model. Lab Invest. 2003;83:1873–85.
18. Zhang N, Zhang L, Qiu B. Correlation of volume transfer coefficient Ktrans
with histopathologic grades of gliomas. J Magn Reson Imaging.
2012;36:355–63. doi:10.1002/jmri.23675.
19. Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp MV, et al.
Estimating kinetic parameters from dynamic contrast-enhanced
T(1)-weighted MRI of a diffusable tracer: standardized quantities and
symbols. J Magn Reson Imaging. 1999;10:223–32.20. Aref M, Chaudhari AR, Bailey KL, Aref S, Wiener EC. Comparison of tumor
histology to dynamic contrast enhanced magnetic resonance imaging-based
physiological estimates. Magn Reson Imaging. 2008;26:1279–93.
doi:10.1016/j.mri.2008.02.015.
21. Pike MM, Stoops CN, Langford CP, Akella NS, Nabors LB, Gillespie GY.
High-resolution longitudinal assessment of flow and permeability in mouse
glioma vasculature: Sequential small molecule and SPIO dynamic contrast
agent MRI. Magn Reson Med. 2009;61:615–25. doi:10.1002/mrm.21931.
22. Siangprasertkij C, Navalitloha Y. A multivariate analysis of patients with
glioma: a treatment outcome and prognostic factor for survival. J Med
Assoc Thai. 2008;91:491–6.
23. Zhang W, Zhao J, Guo D, Zhong W, Shu J, Luo Y. Application of
susceptibility weighted imaging in revealing intratumoral blood products
and grading gliomas. J Radiol. 2010;91:485–90.
24. Hori M, Mori H, Aoki S, Abe O, Masumoto T, Kunimatsu S, et al.
Three-dimensional susceptibility-weighted imaging at 3 T using various
image analysis methods in the estimation of grading intracranial gliomas.
Magn Reson Imaging. 2010;28:594–8. doi:10.1016/j.mri.2010.01.002.
25. Li C, Ai B, Li Y, Qi H, Wu L. Susceptibility-weighted imaging in grading brain
astrocytomas. Eur J Radiol. 2010;75:e81–5. doi:10.1016/j.ejrad.2009.08.003.
26. Bullitt E, Reardon DA, Smith JK. A review of micro- and macrovascular
analyses in the assessment of tumor-associated vasculature as visualized by
MR. Neuroimage. 2007;37 Suppl 1:S116–9.
27. Cha S, Johnson G, Wadghiri YZ, Jin O, Babb J, Zagzag D, et al. Dynamic,
contrast-enhanced perfusion MRI in mouse gliomas: correlation with
histopathology. Magn Reson Med. 2003;49:848–55.
28. Cha S, Knopp EA, Johnson G, Wetzel SG, Litt AW, Zagzag D. Intracranial
mass lesions: dynamic contrast- enhanced susceptibility-weighted
echo-planar perfusion MR imaging. Radiology. 2002;223:11–29.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
